[DOI: 10.1299/mej. stainless steel (316SS) or nickel-based alloy (NCF600) are used as the sheath materials. However, the corrosion properties of these sheath materials had not been evaluated in the environment containing a mixture of gases such as nitrogen, oxygen, hydrogen, water vapor, and fission products at high temperature.
In this study, corrosion tests under simulated SA environment (O2, O2/H2O, I2, and I2/O2/H2O) and temperatures up to 1015°C were performed for the candidate sheath materials of 316SS and NCF600. First, the changes in the weight of 316SS and NCF600 were measured in air or the mixture of air and water vapor (air/H2O) in the temperature range from 720°C to 1015°C by thermogravimetric differential thermal analysis. Second, to simulate the environment of an SA, the heating tests were performed in the atmosphere of an N2-based gas mixture containing I2, H2O, CO, and O2 (M/I2) at 800°C in an electric furnace.
Experimental 2.1 Materials and specimens
Type 316 stainless steel (316SS) and Ni-based alloy (NCF600) were selected as the sheath materials for the MI cables. Table 1 shows the chemical compositions of these materials.
For the oxidation tests under air or air/H2O conditions, each specimen was cold worked metal and machined to a size of 4 w × 4 L × 2 t mm. The specimen surfaces were polished using abrasive paper and then finished by #400 for the measurement of weight change. These were not done annealing. The weights of 316SS and NCF600 were approximately 118 and 130 mg, respectively. Before the oxidation tests, each specimen was washed with ethanol.
For the heating tests under SA-like conditions, each specimen was cold worked metal and machined to a size of 25 w × 10 L × 2 t mm, and the specimen surfaces were polished using abrasive paper and then finished by #800. These were not done annealing. The specimen weights of 316SS and NCF600 were 3.9 g and 4.2 g, respectively. Before the oxidation test, each specimen was washed using ethanol.
Surface structural analysis on the oxidized specimens was performed by X-ray diffractometry (XRD). Moreover, microstructure analysis of these specimens was performed using JEOL JSM-6500, which is tungsten filament scanning electron microscopy (SEM) on surface and vertical section, and energy dispersive X-ray spectroscopy (EDX).
The surface of the specimen was rubbed lightly with a brush. Conversely, the vertical section of the specimen was mechanically polished, following which fine polishing was done using felt buffs and diamond paste. Table 1 Chemical compositions (wt%) of the 316SS and NCF600 specimen.
Oxidation tests under air and air/H2O
Oxidation tests were performed using a thermogravimetry differential thermal analysis (TG-DTA) device. Note that it is possible for this apparatus to measure weight change in the presence of water vapor from 20°C to 1600°C by combining the TG-DTA device with a humidity controller. Moreover, the specimen was exposed to a continuous flow measured by the mass flow meter. The humidity controller could be subject to water vapor up to a dew point temperature of 95°C. This experiment was conducted under gas flow in the simulated air of composition N2 + 20% O2 gas and a dew point of 90°C.
After the specimen was placed in a zirconia scale-pan, the furnace was heated to 720°C, 910°C, and 1015°C at a heating rate of 20°C/min, and then, humid air was made to flow through the furnace. The furnace was held at the set temperature for 2 h, and then, the weight change was logged. After the set time of 2 h, the experiment was terminated by leaving the specimen in the furnace and allowing it to cool down to 20°C. Moreover, the corrosion formed on the surface of each specimen was analyzed by XRD analysis and SEM observation. Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00594]
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Iodine heating tests under simulated SA conditions
In the test apparatus, the specimen is placed in a temperature-controlled silica tube in the tube furnace and the mixture gas based on N2 and containing I2, H2O, CO, and O2 is allowed to flow over it. The test temperature can be varied from 20°C to 1000°C by the furnace while the continuous gas flow can be controlled using a mass flow meter. The size of the silica tube was ø38.5 OD × ø34.5 ID × 1000 mm and the holder of the specimen had a size ø30 × 100 L × 15 h mm. The holder of the specimen has the structure which prevents the flow gas from under the holder, and each specimen avoided to lie on top of one another. The heating experiment was conducted under the flow of the N2-based gas mixture containing I2 (0.0017 v %), H2O (1.4 v%), CO (38.4 v%) and O2 (2.0 v%) (M/I2) at 800°C for 96 h in an electric furnace. The condition of the mixture gas was analogous to the SA condition in the reactor vessel of boiling water reactor. After this experiment, the weight change of the specimen was measured. Moreover, the corrosion formed on the surface of each specimen was etched and analyzed by XRD and SEM/EDX analysis.
3. Results and discussion 3.1 Oxidation kinetics under air or air/H2O Figure 1 shows the photographs of the 316SS and NCF600 specimens after TG-DTA measurement. In the conditions of air or air/H2O at 720°C, uniform oxide films were formed on each surface of the 316SS and NCF600 specimens. In the presence of H2O, the oxide film on the specimen was black and the oxidation rate was larger. Conversely, in the of air and air/H2O environment at 1015°C, the oxide film on the surface of the 316SS specimen was broken and peeled off.
Conditions
Specimens
720°C 1015°C
Air Air/H2O Air Air/H2O 316SS NCF600 Fig. 1 Photographs of 316SS and NCF600 specimens after TG-DTA measurement (Size: 4 w × 4 L × 2 t mm). Oxide film was formed on the surface of the 316SS in air/H2O and was peeled off at 1015°C. Conversely, the oxide film on the NCF600 did not peel off in any of the conditions. Figure 2 plots the oxidation kinetics of 316SS and NCF600 by TG-DTA measurements. The weight of each specimen increased linearly at 720°C (Fig. 2(a) ), and the change in weight of each specimen was almost the same in the conditions of air and air/H2O. Conversely, the change in the weight of each specimen at 1015°C (Fig. 2(b) ) was larger than that at 720°C and was different for the air and air/H2O environments. For the 316SS specimen in the air environment, the rapid change in weight was observed after 40 min. The change in weight increased with exposure time, and the weight change after 40 min was larger than that between 0 and 40 min. It seems that the oxide film on the surface of the 316SS specimen was broken and the breakaway oxidation phenomenon was observed. However, for the 316SS specimen in the air/H2O environment, no rapid change in weight was observed but the change in weight Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. increased during the oxidation test and assumed a parabolic shape when plotted. In contrast, for the NCF600 specimen, the change in weight was linear initially in both the air and air/H2O environments but soon plateaued off.
The weight-gain curve is the curve obtained by the oxidation of the alloy at high temperatures (Nii, 1977) . In the case of the Fe-Cr alloy, Cr is selectively oxidized at the alloy surface because of its greater affinity for oxygen than Fe. During the formation of the uniform, protective, oxide coating, the weight change follows a parabolic path. This means that the generation of chemical reaction between O2 and Cr and so on can be eliminated. However, when the oxide film grows beyond a certain thickness, it gets destroyed and peeling occurs. Moreover, O2 invades the interior of the alloy and the weight increases significantly. As the destruction of the oxide film progresses and the protective coating does not work, the change in weight shows a sudden jump or "step-up" and then increases. Even if the oxide film is broken, it is regenerated immediately, and a step-up occurs for the change in weight. Conversely, the oxide film of Cr-O is not made and the reaction of Fe and O2 takes vigorously, thus causing a rapid increase in the weight change. From Fig. 2 , when 316SS is in an air environment at 1015°C, there is a sharp increase in the weight change and the oxide film breaks immediately. Moreover, for 316SS in air/H2O at 1015°C, due to the rapid change in weight, the protective coating on surface seems not to be formed and Fe seems to be oxidized. In order to have oxidation resistance, it is considered necessary to have component elements that form a uniform protective oxide film that gets repaired again even if it breaks. both the 316SS and the NCF600 hardly change gains at 720°C with increasing the exposure time regardless of the water vapor content, but increasing rate is very slow comparative with the result at 1015°C. However, the weight change of the 316SS at 1015°C in air/H2O is ten times more than that at 720°C. A similar trend is exhibited by the NCF600 as well.
Iodine corrosion phenomenon
An environment in which M/I2 was present was chosen to represent the SA condition during the simulation. Miyake published a paper on the corrosion test of ferritic stainless steel, iron, chromium, and austenitic stainless steel with iodine vapor in the temperature range of 500-800°C for 2-40 h. As a result, the corrosion rate of ferritic steel was found to show an upward trend at 600°C, and increased with iodine vapor pressure (Miyake, 1989) . The feature of corrosion by halogen elements is that the corrosion products prone to sublimate in high temperature because of low melting point, high vapor pressure and also sublimate easily (Wren, 1999) . The gas mixture used in this experiment contained O2, H2O, CO, and N2 gases apart from iodine gas; therefore, this experiment was conducted at 800°C. As a result, parabolic rates of corrosion of the entire surface were impossible to measure because of little weight change in each specimen. It is suggested that the iodine vapor pressure in this experiment was not enough to react sheath materials with iodine Figure 3 shows the metallogical observation of 316SS and NCF600 after the iodine heating test. This shows the local corrosion observed on the surface of 316SS and the size of local corrosion in 316SS was in the range of 10 to 100 μm. Oxide film was also observed on the surface of 316SS. Conversely, little local corrosion was visible on the NCF600 specimen. However, an oxide film was observed on the surface of NCF600 at this temperature (800°C).
Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00594] Fig. 3 Metallogical observation of (a) 316SS, (b) NCF600 after iodine heating test. Local was observed on the surface of the 316SS, while there was no local observed on the NCF600. Figure 4 shows the XRD analysis of the surface of each specimen after the iodine heating test. The results show that there were the constituting elements of the matrix metal, Fe-O and CrO·FeO on the surface of 316SS after the iodine heating test. Unlike the oxides formed in the condition of air and air/H2O, Fe-O was also detected. It seems that the element which is easily reactive with iodine is Fe and Fe-I was not observed because of sublimation tendency of iodide (Wren, 1999) . Conversely, although the oxides were not observed on the surface of NCF600, it is considered that a noticeable oxide film that could be detected by XRD analysis was not formed. Fig. 4 XRD analysis for specimens after iodine heating test (Heating time: 96 h, Atmosphere: I2/CO/O2/H2O mixture gas) for (a) 316SS and (b) NCF600. In this test condition, there were corrosion products on the surface of the 316SS; conversely, that of the NCF600 was not detected corrosion product. Figure 5 and Fig. 6 show the results of surface analysis of 316SS and NCF600 in the condition of M/I2 by SEM observation and EDX analysis. In this field of view, the presence of component elements such as iron, nickel, chromium and oxygen, give rise to red colors, in contrast, the black color means that the element is having nothing at all. In the 316SS specimen, the local corrosion made by Cr-O was observed on profile analysis by EDX, but iron oxide was partly observed on surface analysis by EDX. Moreover, two types of particles were observed, namely, Particle A (about 2 μm particle) and Particle B (about 10 μm particle). As per the EDX analysis in the area (a), Particle A was Cr-O and Particle B was iron oxide. The corrosion products such as Cr-O and iron oxide were distributed on the surface of the 316SS specimen. From (e), it is observed that nickel educed and dotted on Fe-O. In the condition of air or air/H2O, the oxide film covered the surface of the 316SS and Cr2O3 was detected by XRD. However, the corrosion product was not found Cr2O3 on the surface of the 316SS in the condition of simulated SA, and the part of local was consisted of oxide iron by EDX. Therefore, it is suggested that the local corrosion was likely to be caused by iodine. Regarding NCF600, the oxide including chromium uniformly was made on surface. Contrast to 316SS, iron and matrix metal of NCF600 was not observed. In this field of view, these particles appear to be spread over the surface. There was no local corrosion on the surface of the NCF600, and the corrosion product was identified as chromium oxide by EDX. Therefore, it is confirmed that the ease reaction of iodine with metal element is in the order of Fe>Cr>Ni. Conversely, the iodide was not observed on either 316SS or NCF600.
Before iodine heating test.
After iodine heating test
After iodine heating test. Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00594] Figure 7 shows the profile of each specimen by SEM observation and EDX analysis of specimen cross section in the condition of M/I2 at 800°C. The thickness of 316SS oxide film was 0.106 μm on average and that of the NCF600 oxide film was 0.062 μm on average. There is not much different in SEM observation, and the mean value causes the difference. In the case of the 316SS, the crack was observed on surface and the oxide film. The oxide layer of 316SS was uneven in shape and it seems that local corrosion occurs in parts. However, the oxide film on the NCF600 was confined to the surface, was linear and thinner, and less prone to cracks than that of 316SS. From the result of the EDX analysis, both the oxide films were of Cr-O. As a result, even in the SA condition, it was found that the NCF600 was more advantageous for the entire surface to remain corrosion-free than 316SS, but both of them appeared prone to local corrosion.
Corrosion of the entire surface occurred in the condition of air or air/H2O and the MI cable was broken at 1000°C in atmosphere. In the condition of simulated SA, I2 and CO were mixed in O2, H2O and N2 gases; however, CO was separated carbon from oxygen which caused entire surface corrosion. Therefore, it is suggested that local corrosion was caused by the iodine. For this reason, the heating test was designed to investigate the corrosion mechanism by iodine.
SEM O Fe
Cr Ni Profile by SEM observation and EDX analysis of 316SS and NCF600. The layer was composed of Cr-O on the surface of both these specimens, and the oxide film on the 316SS specimen was thicker than that of the NCF600.
Discussion
Note that it is necessary to consider the corrosion of the entire surface and the local corrosion separately to evaluate the degree of corrosion (Chemical industry company, 1989) . Local corrosion means that only a part of the surface was corroded and most surfaces remain intact. Since local corrosion evaluation was performed using the corrosion area and depth, the evaluation of local corrosion in sheath materials used for MI cables was conducted taking into account conservative values for the same. From the linear portion of Fig. 2 , the degree of corrosion was calculated without consideration of the surface reaction rate as follows:
Δw/S =kCt+C,
where Δw/S is the mass gain per unit area at time t and kC is a constant related to the degree of corrosion. Table 2 shows the value of the degree of corrosion calculated for each material at 1015°C. As a result, the largest obtained value of the degree of corrosion was for the 316SS sample in the air/H2O environment, and the smallest value of the degree of corrosion was observed in the NCF600 sample in air environment. Corrosion degree (mg/cm 2 /h) 2.4 6.9 0.6 1.6
Since early research in the field (Tammann, 1920) , the oxidation kinetics of metals and alloys determined from thermogravimetry are commonly described through a parabolic law: (Cheng et al., 2016) (Monceau et al., 1998) (Wang et al., 2013.) (Δw/S) 2 =kpt+C , Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. where Δw/S is the mass gain per unit area at time t and kp is the parabolic rate constant. The oxidation reaction is a thermal activation process and the parabolic rate constant kp is the apparent Arrhenius relation: (Lopez et al., 2014) (Kumar, 1996) kp= A exp(−Q/RT), (3) where A is the pre-exponential factor, a constant for each chemical reaction that defines the rate due to frequency of collisions in the correct orientation; Q is the apparent activation energy for the reaction; and R is the universal gas constant.
The parabolic rate law was used to interpret the rate data as shown in Fig. 8 . Fig. 8 is not perfectly parabolic but it is quite acceptable to regard the data as approximately parabolic. Table 3 gives the resultant kp constants for the different temperatures considered in this study. From this table, it is apparent that the value of kp for 316SS and NCF600 were increased. From the kp values, Arrhenius charts were plotted for both 316SS and NCF600 in order to determine the apparent activation energies (Q) in Fig. 9 . Table 4 gives the results of the Arrhenius relation and the apparent activation energy. From Fig. 9 , it is found that the apparent activation energy for 316SS remains almost the same regardless of the presence of water vapor. The apparent activation energy of 304SS was 231 kJ/mol in air and 323 kJ/mol in air/H2O (Huntz et al., 2007) . The behavior of 304SS was similar to 316SS because austenitic stainless steel is more reactive. It is considered that the apparent activation energy of 316SS was appropriated. Moreover, the apparent activation energy of NCF600 air/H2O was twice as large as that of air.
It is known that a small activation energy means that less energy is required to be input into the system for the reaction to proceed and thus, the reaction can proceed more quickly. However, in this study, a larger activation energy promoted the reaction in NCF600. It is suggested that the reaction rate was larger by A, which is the pre-exponential factor in the Arrhenius relation. It is disregarded because it is not directly involved in relating the temperature and the activation energy, which is the main practical use of the equation. However, the exponential part of the Arrhenius equation indicates the fraction of reactant molecules that possess enough kinetic energy to react. A multiplies the exponential term, and its value clearly contributes to the value of the rate constant and thus of the rate. and the NCF600 parabolic increase at 720°C. However, the plot of weight change for the 316SS at 1015°C in air/H 2O linearly increase, and in air shows step up clearer than Fig.2 . Conversely, the plot of the NCF600 at 1015°C plateaued off in both the air and air/H2O atmosphere.
(a) (b) Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00594] Fig. 9 Arrhenius plots of the parabolic rate constant of 316SS and NCF600 in air and air/H2O conditions. The plot of both the 316SS and the NCF600 shows linearly relation and it seems that surface chemical reaction was occurred each specimen. Figure 10 shows the XRD analysis spectrum of specimen surface posterior to oxidation test by TG-DTA device. The results indicated the constituent elements of the matrix metal, Cr2O3, and multiple oxides such as NiCr2O4 and 3Cr2O3·Fe2O3 on the surface of the 316SS or NCF600. In the air environment at 720°C, the constituting elements of the matrix metal were detected on both 316SS and NCF600. At 1015°C, the Cr2O3 and the constituting elements of the matrix metal were found on surface of the 316SS sample. Multiple oxides and the constituting elements of the matrix metal were detected on surface of the NCF600 as well. In the air/H2O environment at both 720°C and 1015°C, there were Cr2O3 and matrix metals on surface of the 316SS. This seems to be due to the formation of the sufficient oxide film. Conversely, multiple oxides such as NiCr2O4 and 3Cr2O3·Fe2O3 were detected on the surface of NCF600 at Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00594] NCF600. The surface of the 316SS were detected Cr2O3 in any conditions; conversely, the oxide made on the surface of the NCF600 were difference between in air and in air/H2O.
1015°C. However, the peak height indicates that only a very small quantity of the substance is formed.
From the results of the oxidation test by TG-DTA, the fracture times of MI cables were evaluated by the extent of oxidation resistance. The fracture time defines the time that the sheath materials did not play a role as protection material by corrosion. Here the thickness of the sheath material was 0.23 and 0.32 mm for ø1.6 and ø3.2 mm, respectively. The degree of corrosion was calculated by the weight change at the initial phase 1015°C. Table 5 shows the results of the evaluation of fracture times under air or air/H2O at 1015°C. In this table, the fracture times of the ø 3.2-mm samples were longer than that of ø1.6 mm for each sheath material because of the thickness.
In the case of the degree of corrosion and the parabolic law shown in this table, the fracture times of 316SS were evaluated for 107 h and 4022 h in air at 1015°C, respectively, when the diameter of 316SS-sheathed MI cable is ø3.2 mm. In the case of NCF600 (ø3.2 mm), the fracture times were 453 h and 129683 h under air condition at 1015°C. This result has the same tendency in the case of the ø1.6-mm sample with the oxidation residence of NCF600 being significantly higher than that of 316SS.
Moreover, the heating tests of candidate MI cables (Type K thermocouples) for use in the case of SAs was performed at 1015°C under air atmosphere for 15 days (Miura, et al., 2016) . The temperature measurement from the thermocouples on 316SS (ø1.6 and ø3.2 mm) in the air atmosphere was not recorded for approximately 100 h. The measured fracture time of the MI cable with 316SS was almost the same as the fracture time evaluated by the degree of corrosion. After the heating test, cracks were observed on the surface of the 316SS sheath material and broken by the growth of cracks. It is considered that the degree of corrosion correlates strongly actual breakage time. Conversely, a uniform oxide film was formed on the surface of NCF600, and the MI cable using NCF600 maintained the soundness.
The fracture times in air/H 2O environment is shorter than that in air condition in each sheath material. Thus, it is important for the evaluation of actual fracture time to consider the behavior in the presence of the mixture gas including nitrogen, oxygen, hydrogen, water vapor, and fission products in the reactor vessel. Nakano, Hirota, Shibata, Takeuchi and Tsuchiya, Mechanical Engineering Journal, Vol.5, No.2 (2018) 
Conclusions
Corrosion properties of sheath materials such as 316SS and NCF600 used in MI cables were evaluated under the various atmosphere conditions at high temperature. The following results were obtained.
(1) An oxide film was formed on 316SS and NCF600 surfaces in both air and air/H2O environments. The relationship between the weight change and exposure time was evaluated by measuring the degree of corrosion and modeled by a parabolic law. It transpired that the fracture time evaluated by the degree of corrosion agreed with the fracture time of MI cable of 316SS in the air condition at 1000°C. The fracture times in air/H2O condition was shorter than that in air condition for each sheath material. (2) Each oxidation at air and air/H2O showed the presence of constituting elements of the matrix metal, Cr-O on the surface of 316SS and multiple oxides such as NiCr2O4, 3Cr2O3·Fe2O3 on the surface of NCF600 at 1015°C. Conversely, at air/ H2O caused the formation of 3Cr2O3·Fe2O3 on the surface of both 316SS and NCF600 at 1015°C. (3) In the condition of I2/CO/O2/H2O at 800°C, local corrosion was observed on the surface of 316SS and the size of local corrosion in 316SS was in the range from 10 to 100 μm. Fe-O and multiple oxides such as CrO·FeO were observed on the surface of 316SS and the oxide compounds of the local corrosion in I2/CO/O2/H2O was especially different in the air/H2O environment. Conversely, only the constituting elements of the matrix metal were detected on NCF600 at this temperature. Thus, a uniform oxide film was formed on the surface of NCF600, and the MI cable using NCF600 as sheath material maintained its soundness in this condition.
The results of this study indicates that the effect of fracture time and corrosion mechanism on the surface of sheath materials will be significant in the iodine-containing environment at high temperature, under the severe accident conditions. In future, the mixture gas containing iodine at 1000°C will be investigated in detail for the evaluation of fracture time and corrosion mechanism of the sheath materials.
